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Chapter 3
Orbital ordering in LaCoO3
3.1 Introduction
The cobaltates with the general formula RCoO3 (where R is a rare-earth
ion) have a perovskite type structure. In the parent compound LaCoO3, a
fraction of the La cations may commonly be substituted by divalent atoms
like Sr or Ca. These compounds are of considerable industrial interest due
to their high electrical and ionic (O2−) conductivities, their use as cath-
ode materials in solid oxide fuel cells, oxygen permeable membranes and
active catalysts for oxidation of CO. Besides the manganate perovskites,
the cobaltates have been also found to show colossal magnetoresistance
(CMR) exceeding 30 % [1, 2, 3, 4]. At room temperature these mate-
rials adopt distorted perovskite structures. Throughout the RCoO3 series,
only LaCoO3 has been analyzed with rhombohedral symmetry (space group
R3¯c) [5, 6, 7, 8]. The remainder of the members, with the ionic radius of the
rare-earth smaller than the ionic radius of La, have orthorhombic symmetry
(space group Pbnm) [9, 10].
The study of the LaCoO3 gained considerable interest due to its un-
usual magnetic and transport properties, caused by the puzzling nature of
the two transitions in this compound. The ground state of LaCoO3 is a
nonmagnetic insulator and there is no long range magnetic order at all tem-
peratures. The spin singlet ground state is attributed to Co3+ ions in a
low-spin (LS) state due to the crystal field splitting slightly larger than the
Hund’s-rule coupling [11]. At low temperatures, the magnetic susceptibility
increases exponentially with temperature showing a maximum near 100 K.
At higher temperatures, a second anomaly is observed around 500 K which
is accompanied by a semiconductor to metal transition. The peak at 100 K
was initially ascribed to a change of the spin state in the Co3+ ions, i.e. a
transition from a LS nonmagnetic ground state (t62g, S = 0) to a high-spin
(HS) state (t42ge
2
g, S = 2) [11, 12, 13, 14, 15]. In the more recent literature
[16, 17, 18, 19, 20, 21], new scenarios including an intermediate-spin state
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Figure 3.1: Schematic representation of the different spin states of the Co3+
ions, i.e. LS (a), IS (b) and HS (c).
(IS) (t52ge
1
g, S = 1) have been proposed. The evolution of the magnetic and
transport properties of the parent compound, LaCoO3, with doping is simi-
lar to the manganites [3, 22]. By doping with small amount of Sr (less than
5 %), the susceptibility is similar to the undoped compound [14, 20]. With
increasing Sr content, first a spin-glass state occurs and above 18% doping,
a ferromagnetic metallic state is obtained. The insulator to metal transition
can be understood to be obtained by the suppression of orbital ordering, as
it was demonstrated for the La1−xCaxMnO3 [23].
The electronic configurations for the three states of the Co ions, i.e. LS,
IS and HS, are represented schematically in Fig. 3.1. Due to the partially
filled eg level, the IS state is Jahn-Teller (JT) active. The degeneracy of the
eg orbitals of Co
3+ ions in the LS state is expected to be lifted in the IS state
by a JT distortion. Using LDA+U calculations, Korotin et al. [17] proposed
the stabilization of the IS state due to the large hybridization between the
Co-eg and O-2p levels as well as the orbital ordering effect. The authors
found that the IS state lies somewhat higher in energy than the LS ground
state, while the HS state lies at significant higher energy. Furthermore,
they proposed that the second transition at ≈ 500 K to a metallic state can
be associated with the disappearance of the orbital ordering within the IS
state.
All structural studies, based on powder x-ray (PXD) and neutron diffrac-
tion experiments are consistently interpreted in rhombohedral R3¯c symme-
try and no structural transitions are reported in the temperature interval
4.2 K - 1248 K [5, 6, 7, 8]. A cooperative JT distortion is incompatible
with this space group. The rhombohedral distortion of the parent cubic
perovskite structure consists of a deformation along the body diagonal, and
preserves only one Co-O distance. This triggered our present study to de-
tect a coherent JT distortion and to investigate why recent high quality
structural studies failed to observe such state. As the JT distortion caused
by eg orbital ordering are usually quite large, there must be reasons why
the distortion went unobserved. Furthermore, the LS-IS transition is ro-
bust and observed both in powder and single crystal samples. A lattice
distortion due to the JT effect in the IS state has been suggested by in-
frared spectroscopy measurements [20] and recently by magnetic suscepti-
bility and thermal expansion measurements [24]. The investigations of the
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IR spectra show splitting and intensity variations with temperature of the
phonon modes of the rhombohedral distorted structure. The origin of the
split modes is attributed to the orbital ordering accompanied by collective
JT distortion of the thermally excited IS state of the Co3+ ions. Recent
magnetic susceptibility and thermal expansion measurements [24] indicate
no orbital degeneracy of the thermally populated IS state in agreement with
a JT active IS state. The absence of a sharp anomaly of the thermal ex-
pansion coefficient [24] as well as of the specific heat [25] indicate that the
spin state transition in LaCoO3 is not a phase transition in the thermo-
dynamic sense, giving further evidence for the thermal population of the
excited magnetic state.
It is in certain cases exceedingly difficult to identify the correct crystal
symmetry. In orthorhombic Pnma perovskites such as LaMnO3 or YVO3
the JT distortion involves alternating long and short TM-O distances (where
TM is the transition metal ion) without always lowering the symmetry of
the lattice. Consequently, refinement of PXD data are not very sensitive to
several symmetry modifications and single crystal diffraction (SXD) refine-
ments are prerequisite.
LaCoO3 has been consistently analyzed with the rhombohedral space
group R3¯c. This rhombohedral symmetry involves an alternating rotation
of the corner sharing CoO6 octahedra along all three crystallographic axes
of the undistorted, cubic perovskite parent structure. This symmetry allows
only one Co-O distance and thus rules out a coherent JT distortion. Such
distortion, while preserving the alternating rotation of the CoO6 octahedra,
lowers the symmetry to monoclinic subgroups of R3¯c. The monoclinic space
group I2/a is a subgroup of R3¯c with the highest symmetry that accom-
modates the rotations of the octahedra as well as a coherent JT distortion.
The symmetry reduction to I2/a space group is caused by rotations of un-
equal magnitude and/or a differentiation of Co-O bond lengths, induced by
a coherent JT distortion. As we will see throughout this chapter, we provide
strong evidence for such monoclinic distortion in the LS/IS state using high
resolution synchrotron PXD and SXD measurements.
In presenting the results of our investigation on the LaCoO3 structure,
we will start with a discussion of the symmetry of the structure in rela-
tion to the two parameters describing the deformation of the octahedra, i.e.
rotation and JT distortion. Further, we will analyze the x-ray diffraction ex-
periments at different temperatures below and above the ”phase transition”
at 100 K. In particular, we will focus on:
1. Analysis of the PXD and SXD data in order to detect signatures of
the JT distortion.
2. Analysis of the temperature dependence of the monoclinic distortion
and JT parameter. On the basis of the refined Co-O distances we will
present the orbital ordering model for the eg orbitals of the Co
3+ ions in the
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IS state.
Finally, we will discuss the impact of our results to the understanding
of the nature of the ”phase transition”.
3.2 Crystal structure
The structure of the perovskites consist of sharing corner octahedra. The
octahedra consist of oxygen ions at the corners and TM ions at the cen-
ter. The lanthanide ions occupy the voids between the octahedra. The
perovskite structure is schematically presented in Fig. 3.2(a). The undis-
torted parent structure is cubic with the unit cell (Fig. 3.2(b)) parameter
of ac ≈ 3.9 A˚. Apart from a few special cases which have cubic structure
[26, 27], the perovskites show distortions to orthorhombic or rhombohedral
symmetry.
Figure 3.2: (a) General perovskite structure consisting of sharing corner octahe-
dra. (b) The cubic perovskite unit cell. The La, Mn, and O ions are represented
by black, grey and open circles.
The structural investigations of the perovskites focus on the precise de-
termination of the atomic positions in the unit cell by means of structural
refinements. By determining the TM-O-TM angles and the TM-O distances,
the deformation from the cubic structure, i.e. the rotation and distortion
of the TMO6 octahedra can be determined.
At high temperature (> 1700 K), the structure of LaCoO3 is cubic. By
lowering the temperature, due to the small size of the La ion, the CoO6 octa-
hedra will rotate and the structure becomes rhombohedral. The rotation is
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characterized by the degree of tilting of the octahedra which increases with
decreasing temperature. This is reflected in the increasing of the rhombohe-
dral angle from 60◦ at 1700 K (indicating that the structure is cubic at this
temperature [6]) to ∼ 60.8◦ at 300 K. The crystal structure of LaCoO3 has
been consistently analyzed with the rhombohedral space group R3¯c. Neu-
tron diffraction study shows that this symmetry is maintained up to 1250
K, a possible lower symmetry being observed just in the 648 K data [5]. The
R3¯c symmetry involves an alternating rotation of the corner sharing CoO6
octahedra along all three crystallographic axes of the undistorted, cubic
perovskite parent structure. Due to this rotation, the Co-O-Co bond angles
become significantly less than 180◦, i.e. ≈ 164◦ at room temperature. The
corner sharing oxygen octahedra can be described by one oxygen position,
resulting in equal magnitudes of the rotations along all three pseudo-cubic
crystallographic axes. This symmetry allows only one Co-O distance and
thus rules out a coherent JT distortion.
In order to determine the possible lower symmetries which allow a co-
operative JT effect expected for the IS state of the Co3+ ions, we refer to
Glazer’s [26, 27] work who identified all the symmetries correspondent to all
possible tilts for the perovskite system. The rhombohedral R3¯c symmetry
is obtained from the undistorted cubic perovskite structure by rotations in
antiphase and of equal magnitude about all three crystallographic axis of
the octahedra. The a−a−a− symbol associated with the R3¯c space group
refers to the pseudo-cubic subcell, the three minus signs indicating that
the octahedra are tilted in antiphase about all three crystallographic axes.
The relations between the pseudo-cubic subcell lattice parameters in R3¯c
space group are: a = b = c and α = β = γ 6= 90◦. Due to the rotations,
the rhombohedral unit cell will be
√
2ac (with ac the original cubic lattice
parameter), such that ar = br = cr ≈ 5.378 A˚, αr ≈ 60.8◦. A distortion
from this symmetry, which preserves the alternating rotation of the octahe-
dra will result in different magnitudes of the rotations along the three axes
and/or in elongations or compressions of the octahedra. In terms of rela-
tions between the pseudo-cubic subcell parameters, this translates in two
or all three pseudo-cubic axes unequal and all three angles unequal, such
that the symmetry will be lowered to the subgroups of R3¯c: I2/a (symbol
a−b−a−) with a 6= b = c; α 6= β 6= γ 6= 90◦ or F 1¯ (symbol a−b−c−) with
a 6= b 6= c; α 6= β 6= γ 6= 90◦ respectively.
The distortion to I2/a symmetry will enlarge the unit cell compared to
the rhombohedral cell, such that am ≈ 5.378 A˚, bm ≈ 5.444 A˚, cm ≈ 7.65 A˚,
βm ≈ 91◦. The relation between the cubic, rhombohedral and monoclinic
unit cell is depicted in Fig. 3.3. The oxygen framework will be described
by two oxygen positions: the position originating from rhombohedral sym-
metry (O1) attributed to the out-of-plane oxygens and an extra general
oxygen position (O2) attributed to the in-plane oxygens (as indicated in
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Fig. 3.3). A shift of the O2 from its position in rhombohedral symmetry,
corresponds with a differentiation of Co-O bond lengths and/or a differen-
tiation in the magnitude of the rotations along the three crystallographic
axes of the pseudo-cubic subcell. The differentiation between the three pos-
sible Co-O bond lengths is reflected in the difference between two of the
pseudo-cubic subcell axes, i.e. a 6= b = c, allowing a finite coherent JT
distortion. The difference in the rotations along the three crystallographic
axes of the pseudo-cubic subcell is reflected in the difference between its an-
gles: α 6= β 6= γ 6= 90◦. Thus, we conclude that the monoclinic space group
I2/a has the highest symmetry that accommodates alternating rotations of
the octahedra as well as a coherent JT distortion.
Figure 3.3: Comparison between the rhombohedral (dashed line contour) and
monoclinic (solid line contour) unit cells for an undistorted perovskite structure.
Both can be expressed in perovskite cubic subcell (thin line contour). The black,
grey and open circles represent the La, Co and O ions, respectively. The double
cubic unit cell is also represented. The out-of-plane and in-plane oxygens are
denoted by O1 and O2.
In order to understand how the lowering of the symmetry to I2/a space
group will be reflected in a diffraction experiment, we will discuss the re-
flection conditions and their violations in the different symmetries. The
deviation from the cubic symmetry is manifested in the appearance of extra
reflections and in the lifting of the degeneracy of the reflections. For the
indexing of the reflections, we will refer to the double cubic setting. The
double-cubic unit cell has Fm3¯c symmetry. The reflection conditions asso-
ciated with this symmetry result from a) the F centering, i.e. (h k l) with
h, k and l odd (weak reflections) and (h k l) with h, k and l even (strong re-
flections); and from b) c glide plane, i.e. (h k l) with h, l = 2n; (h k k) with
h, k = 2n and (h k h) with h, k = 2n. The four-fold symmetry implies that
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(h k l) is equivalent upon sign reversal of two of the Miller indices, while
the three-fold symmetry implies that (h k l) and the cyclic permutations
are equivalent. By lowering the symmetry to R3¯c space group, the four-fold
symmetry is violated and thus the degeneracy of the reflections is partially
lifted. The loss of the four-fold symmetry results in the appearance of new
reflections, i.e. (h -h l) with h, l 6= 2n; (h -k k) with h, k 6= 2n and (h k
-h) with h, k 6= 2n. By lowering the symmetry further to monoclinic I2/a
space group, the three-fold symmetry is violated and the degeneracy of the
reflections is lifted further. The extra reflections, (h k h) with h, k 6= 2n
and (h k h) with h, l 6= 2n, are caused by violating the three-fold symmetry.
However the reflection condition (h h l) with h, l = 2n is still satisfied.
The extra reflections violating the R3¯c symmetry are expected to be
very weak and therefore very difficult to detect in both PXD and SXD
experiments. Nevertheless, the lowering of the symmetry can be detected
in a careful analysis of the reflections for which the degeneracy is expected
to be lifted as their positions and intensities will become different. Thus, in
our structural study we combine the PXD technique, which is most sensitive
to the position of the reflections, and SXD technique, which is more sensitive
to the intensity distribution.
3.3 Experimental
3.3.1 Quality of the crystals
Single crystals of LaCoO3 were grown by the floating-zone technique in
an image furnace. The samples were kindly provided by C. Zobel and T.
Lorenz, University of Cologne, Germany. As mentioned in the Introduc-
tion, the lanthanum cobaltates are used as oxygen permeable membranes,
the controlling of the sample homogeneity and oxygen stoichiometry being
not a trivial task. The introduction of a small amount of Co4+ by Sr doping
(≈ 18%), can suppress the JT distortion, inducing an insulator-metal tran-
sition. Thus, the oxygen content is of major importance, as an excess or
deficit of oxygen will introduce Co2+ (with d7 configuration) and Co4+ (with
d5 configuration) impurities, respectively, affecting the expected cooperative
JT effect.
The quality of our crystals was tested by performing Differential Scan-
ning Calorimetry (DSC), Thermogravimetric Analysis (TGA), and magne-
tization measurements.
For the DSC/TGA experiments, we used ≈ 3 mg of LaCoO3 crushed
single crystal. The measurements were performed in nitrogen atmosphere,
in the temperature interval 473 K - 1473 K (using a heating/cooling rate of
5◦C/min). No hysteresis is observed by measuring the TGA signal during
both heating and cooling. The DSC signal does not show any well defined
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Figure 3.4: The temperature dependence of the weight change in percentage.
features in this temperature regime. As presented in Fig. 3.4, the TGA
curve (measured in heating) shows a very small change in the sample weight
up to 1100 K. This result indicates the stability of the oxygen content up to
1100 K. The weight loss observed in the temperature interval 1073 K - 1473
K is attributed to the formation of oxygen vacancies [6, 7] and corresponds
to an oxygen deficiency of δ = 0.03 per formula unit (LaCoO3−δ).
Figure 3.5: The temperature dependence of the magnetic susceptibility (raw and
corrected data). The thin line represents the fit of the low temperature data with
the Curie law.
The high quality of our single crystals can be derived also from magneti-
zation measurements. In Fig. 3.5 we show the susceptibility curve of single
crystal LaCoO3. The temperature dependence can be fitted well as shown
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recently by Zobel et al. [24], with a non magnetic ground state (t62g) and a
thermally activated S = 1 state (t52ge
1
g) with an activation energy of ∆ ∼
180 K. A fit (indicated in Fig. 3.5 with a thin line) of the low temperature
data with a function χ = χ0 + C/T gives χ0 = 2.2 · 10−5 emu/mole and
C = 0.02 emuK/mole. The Curie susceptibility of the Co3+ ions (indicated
by diamond symbols in Fig. 3.5) obtained by subtracting the the Curie
tail from the raw data, indicate a very robust singlet ground state. The
stoichiometry of the crystal can be derived from the very small Curie-term,
the value of C indicating less than 1% S = 1/2 impurities. The impurity
contribution gives rise to the deep minimum at ≈ 35 K in the magnetic sus-
ceptibility. The raising of this minimum in the powder samples is attributed
to Co2+ localized magnetic moments associated with the reconstruction of
the surface [15]. The volume of the surface is larger for powder samples
than for single crystals. Our single crystal measurement show a minimum
susceptibility which is ∼ 2 times smaller than in the powder samples [19]
indicating a lower content of S = 1/2 impurities.
3.3.2 Description of the x-ray diffraction experiments
Preliminary measurements on high quality powder obtained from a crushed
single crystal were performed on a Bruker D8 diffractometer, using Cu-Kα
radiation. The data were analyzed by the Rietveld method using TOPAS
[28]. The peak shape of the profiles was described by a Gaussian function.
The symmetry of the structure was carefully analyzed using high res-
olution x-ray diffraction experiments on both powder and single crystals.
The measurements were performed on a triple-axis high energy diffractome-
ter (Fig. 1.2) with a photon energy of 115 keV at the beamline 11ID-C,
BESSRC CAT, Argonne National Laboratory. ω − χ scans were collected
on a single crystal of approximate dimension 1 mm.
After establishing the symmetry of the structure, the atomic positions
were determined from standard SXD experiments. The measurements were
performed on a small single crystal fragment of approximate dimension
0.1 mm using Mo-Kα radiation. Full data sets were measured at different
temperatures (90 K, 120 K, 140 K, 160 K, 200 K, 250 K and 295 K) on a
Bruker APEX diffractometer equipped with a two dimensional detector and
using Mo-Kα radiation. The measurements were performed at two different
positions of the detector, such that a 2θ range of 110◦ was covered. The
crystal was exposed to the beam while ω was varied within an interval of
180◦ with a step width of 0.3◦. For each exposure a diffraction frame was
recorded. Redundancy was obtained by collecting diffraction frames at three
values of ϕ for each 2θ and ω. Thus, by measuring 3600 frames, we covered
a large part of the Ewald sphere consisting of a very large data set (about
2000 reflections) collected in a reasonable amount of time (15 hours).
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The integration of the frames was carried out using the SAINT [29]
software incorporating the absorption correction program SADABS. The
separation of the twins was done using the program GEMINI [30]. The
large absorption coefficient of LaCoO3 (250 cm
−1) requires very precise ab-
sorption corrections. Thus, the dimensions of the crystal faces have been
measured and the intensities of the reflections were corrected by applying
the face indexed absorption correction method. Structural determination
and refinement was carried out using the SHELXTL [31] package.
As discussed in the Section 1.3, for the experiments necessitating a high
angular resolution, a point detector diffractometer is more advantageous.
Thus for the detection of a small splitting of the Bragg reflections due to
the presence of twinning, we use an Enraf-Nonius CAD4 diffractometer
equipped with a point detector.
3.4 Powder x-ray diffraction experiments
By lowering the rhombohedral symmetry, the partial degeneracy of the re-
flections will be lifted due to the loss of the three-fold symmetry. Therefore,
the inequivalent reflections will appear at slightly different 2θ in a PXD ex-
periment. Thus, it is expected that a monoclinic distortion compatible with
a coherent JT distortion for the IS state of the Co3+ ions, will result in split-
ting of the rhombohedral peaks of a powder diffractogram (see Section 3.2).
However, recent high resolution powder neutron diffraction measurements
were analyzed with R3¯c symmetry and failed to identify such a monoclinic
distortion [7].
We performed PXD experiments on high quality powder obtained from
a crushed single crystal using a Bruker D8 powder diffractometer with an
angular resolution of ≈ 0.015◦. No peaks were split, therefore no evident
signature for lowering the rhombohedral symmetry is observed. However,
in the case of a very small distortion the profiles will not necessarily show
visible splittings, but broadenings, a careful analysis of the peaks shapes
being required. Performing refinements in different models is necessary to
distinguish the model which reproduces the measured profile best. In the
case of LaCoO3, a comparison of the quality of the refinements performed
in both space groups, i.e. R3¯c and I2/a can be decisive. Nevertheless, if
the structure has monoclinic symmetry, its detection requires a sufficient
high angular resolution to overcome the splitting of the peaks.
The starting model for the Rietveld refinement was the rhombohedral
distorted perovskite structure with R3¯c space group with the lattice param-
eters and atomic coordinates derived from the single crystal refinements at
room temperature (presented in Section 3.6). In the PXD, we are not very
sensitive to intensity changes caused by a small monoclinic distortion, as
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they are affected by oxygen movements. Thus, we fixed the positions of the
atoms as they are derived from the SXD refinements in rhombohedral sym-
metry (see Section 3.6). The refined parameters were lattice parameters,
Gaussian parameters for the description of the peak shape and isotropic
temperature factors. The calculated pattern in R3¯c symmetry describes
very well the measured diffractogram.
Refinements were also carried out in the space group I2/a, using as the
starting model the monoclinic structure derived from the SXD experiments
(presented in Section 3.5) in which two inequivalent oxygen positions are
present. Again, we fixed the atomic positions and we refined the lattice
parameters, peak shape parameters and isotropic temperature factors.
In Fig. 3.6 we show a part of the PXD pattern (dashed line). The solid
line indicates the calculated pattern derived from a Rietveld refinement in
I2/a symmetry. The refined structure is essentially the same in both R3¯c
and I2/a space groups with the unit cell parameters equal to rhombohedral
parameters within a standard deviation. This result indicates that within
the limits of the used angular resolution (≈ 0.015◦) there is no reason for
the choice of the monoclinic symmetry.
Figure 3.6: Observed (dashed line), calculated (solid line) and difference (lower
line) powder diffraction profile for LaCoO3 at room temperature.
The inability to observe the expected monoclinic distortion in the stan-
dard PXD experiments, led us to further investigate such scans using syn-
chrotron radiation and high angular resolution: 0.001◦/step. We measured
the temperature dependence of the profile of the (4 0 0) reflection† in the
45 K - 145 K interval.
† The Miller indices are referred to the double cubic unit cell.
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As we have already discussed in the Section 3.2, the rotation parameter
(defining the rotations of the octahedra with the same magnitude about
all three crystallographic axes) contribute to the rhombohedral distortion
through deviations of α = β = γ from 90◦ [26, 27]. Two parameters, JT
and rotation, contribute to the monoclinic distortion through different a, b
and different α, β, γ. These contributions are disentangled for particular
reflections. Thus, the degeneracy of the (4 0 0) reflection is partially lifted
by lowering the symmetry to monoclinic I2/a, resulting in two inequivalent
reflections, i.e. (4 0 0) and (0 4 0), positioned at slightly different 2θ. The
splitting of this reflection is considerable affected by a small difference in
a, b and insignificantly affected by differences in α, β, γ. Therefore the
observation of such splitting gives information about the contribution of
the JT parameter to the monoclinic distortion. Moreover, the choice of this
reflection has also a technical reason, as its corresponding lattice spacing
(1.91 A˚) matches the lattice spacing of the analyzer such that the maximum
resolution is gained.
We clearly observe a broadening of the peak with temperature. In Fig.
3.7 the full width at half maximum (FWHM) of the measured reflection
is plotted as a function of temperature. The line width below 65 K is
resolution limited. The peak width is constant (0.0025◦) up to 65 K and
it starts to broaden gradually as the temperature is increased, reaching
0.0036◦ at 145 K. The broadening of a reflection cannot be attributed to
Debye-Waller factors. A likely explanation for such a broadening is the
lifting of the degeneracy (splitting) of this reflection due to a lowering of
the rhombohedral symmetry. We therefore associate the gradual broadening
of the Bragg reflection with a gradual distortion of the structure.
Figure 3.7: Temperature dependence of FWHM for the (4 0 0) reflection profile.
In Fig. 3.8 we show the profiles of this peak at three different tempera-
tures: 45 K, 80 K and at 120 K. The peak shape of the 45 K measurement
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is well described by a lorenzian. Due to the broadening of the peak with
increasing the temperature, it is obvious that the 80 K and 120 K profiles
can not be described using a lorenzian with the line width of the 45 K pro-
file. However, as indicated by thin lines in Fig. 3.8, the peaks at 80 K and
120 K are accurately fitted by adding two slightly displaced peaks with the
FWHM of the low temperature measurement (45 K). We attribute these
peaks displaced in 2θ to two inequivalent reflections, i.e. (4 0 0) and (0 4
0). Thus, the lifting of the degeneracy of the (4 0 0) reflection results in
Bragg-Brentano geometry in the broadening of the peak due to the convo-
lution of the non-degenerate reflections profiles. In Fig. 3.9 we represent
the temperature dependence of this splitting derived from the profile fits.
Figure 3.8: Profile of (4 0 0) reflection at 45 K, 80 K and 120 K. The solid lines
at 80 K and 120 K indicate that the fitting of the measured peaks by adding two
slightly displaced peaks (indicated by thin lines) with the line width taken from
the low temperature measurement (45 K).
We think that the observed broadening is compatible with the convolu-
tion of the (4 0 0) and (0 4 0) reflections in the monoclinic I2/a symmetry.
Moreover, as discussed in the beginning of this paragraph, the associated
splitting indicates differences between a and b lattice parameters of the
pseudo-cubic subcell as evidence for different Co-O distances in the ab plane.
Thus the broadening of this reflection is attributed to a gradual increase of
the cooperative JT distortion with increasing temperature. Nevertheless,
this is just a qualitative analysis, the determination of the magnitude of the
JT parameter necessitating the refinement of the atomic coordinates. More-
over, we notice that that the monoclinic distortion can be brought about
by small changes in the lattice parameters, such that a 6= b = c, without
necessarily changing the angles, such that α = β = γ 6= 90◦. However we
do not have a direct evidence for equivalency of the angles, as the reflection
we measured is only sensitive to the differentiation between a and b lattice
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Figure 3.9: Temperature dependence of the splitting of (4 0 0) reflection in θ−2θ
geometry (below 65 K the line is resolution limited).
parameters. For precise lattice parameters determination, refinements of
full powder diffractograms are necessary.
3.5 Single crystal x-ray diffraction measurements.
Twin model
A careful analysis of the intensities of the reflections for an accurate deter-
mination of the symmetry elements in a SXD, is expected to result in the
detection of the monoclinic symmetry suggested by PXD experiments. More
precisely, the loss of the three-fold symmetry should be reflected in a SXD
experiment in the inequivalency of the intensities of the (h k l) reflections
and the cyclic permutations.
However, the PXD experiments indicate that the structural differences
between the rhombohedral symmetry and the monoclinic one are very small.
This makes a precise structure determination very difficult. Furthermore,
as discussed in Section 1.4, it is observed that the phase transitions in per-
ovskites are accompanied by twin formations. The presence of twinning
can average in SXD the unit cell parameters and equal twin fraction will
mimic a nonexistent symmetry element, such that the point group symme-
try will appear to be raised. Thus twinning can complicate the symmetry
determination considerably. For the orthorhombic Pbnm perovskites, such
as (La,Ca)MnO3, reflections are observed corresponding with a 2 × 2 × 2
supercell, whereas it is well established that the supercell is
√
2 × √2 × 2
of the cubic parent structure. The additional reflections are generated by
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pseudo merohedral twinning such that the longer c-axis can be obtained
along one of the three a-, b- and c-axis of the parent structure [32]. Simi-
larly, in YVO3, during the phase transition from orthorhombic to monoclinic
two pseudo-merohedral twin domains are formed, being related via a 180◦
rotation about the a or c axis [33].
At elevated temperatures all perovskites structures are (near) cubic due
to the thermal motion of the ions. This motion decreases with decreas-
ing temperature and the octahedra will rotate and distort due to the small
lanthanide radius and the JT effect. The structure of LaCoO3 is cubic at
high temperatures, and it exhibits a gradual phase transition, becoming
rhombohedral below 1700 K. Thus, as discussed in the Section 1.4, LaCoO3
has a ferroelastic behavior due to the transformation during cooling from
paraelastic high symmetry phase (space group Pm3¯m) to ferroelastic low
symmetry phase (space group R3¯c). As a result, twins are formed to accom-
modate the stress induced by the structural transformation. The maximum
number of the possible orientation states caused by this phase transition
can be determined according to Aizu [34]: n = order(Pm3¯m)/order(R3¯c)
= 48/12 = 4. Thus, the low symmetry phase has at most four different
orientation states.
The spontaneous deformation in the rhombohedral LaCoO3 perovskite
is due to the rotation of the CoO6 octahedra, which causes the Co-O-Co
bond angle to be lower than 180◦. The rhombohedral distortion can be
regarded as a compression of the parent cubic cell along one of the body
diagonals. There are four different possibilities for this distortion, one for
each of the cubic [1 1 1] directions. The appearance of twinning can be
understood in terms of the four different possibilities for choosing a body
diagonal as a unique axis during cooling in the crystal growth process. The
twin domains can be considered as possible orientations corresponding to
compression along different [1 1 1] pseudo-cubic axes. By interchanging the
pseudo-cubic body diagonal (i.e. the rhombohedral three-fold axis) between
any of the four possible orientations, we can derive the twin relation. The
twin planes are parallel to pseudo-cubic {1 0 0}, {0 1 0} or {0 0 1} planes.
Such twinning was clearly observed with APEX. The different crystals
that we have tested, typically exhibited two or three rhombohedral twins.
In Fig. 3.10 we show a part of a measured frame indicating two reflections,
each of them doubled due to the presence of the rhombohedral twinning.
In fig. 3.11 we show the positions in the reciprocal space of the measured
reflections of a crystal containing two domains. Two rhombohedral lattices,
one indicated by black symbols and the other by white symbols, can be
built with the reflections corresponding to two twin fractions. The angle of
the [1 1 1] directions of the two pseudo-cubic cells of the two twins is close
to the perfect tetrahedral angle of 109.47◦. The twins are related via a 180◦
rotation about the pseudo-cubic [0 1 0] direction.
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Figure 3.10: Part of a measured frame indicating two reflections doubled by the
presence of rhombohedral twinning. The reflections of the larger twin fraction
are marked with a box. The two twins are indexed in their correspondent double
cubic unit cell lattices. By × we denote the center of the concentric circles with
the radius 2θ.
Extra reflections will be generated by this type of twinning. For instance,
a reflection (h -k k) with h, k 6= 2n will generate the reflection (-h -k -k)
with h, k 6= 2n, which is forbidden in R3¯c symmetry as it violates the c
glide plane. As we have indicated in the Section 3.2, this type of reflections
are allowed in the I2/a symmetry. However, their presence can not be used
as an evidence for monoclinic distortion as they are also generated by the
rhombohedral twinning. In this way, the rhombohedral twinning ”masks”
the lowering of the symmetry from R3¯c to I2/a.
A full data set has been collected at room temperature on a crystal
consisting of two twin fractions, using the APEX diffractometer. We could
successfully separate the two lattices caused by the rhombohedral twinning
using the program GEMINI [30]. By using an integration box of the size
shown in Fig. 3.10 we have integrated the intensities of the reflections cor-
responding to the largest rhombohedral twin fraction. Besides a few extra
reflections appearing due to the above mentioned twinning, no reflections
violating the rhombohedral R3¯c symmetry were observed. Moreover, the
analysis of the intensities of the reflections indicate the presence of the
symmetry elements corresponding to R3¯c space group. The refinements
performed in this space group proceeded smoothly, indicating no reason
for considering a lower symmetry. The details of the refinements will be
discussed in the next section.
However, we expect that the lowering of the symmetry clearly observed
in the PXD experiments to be masked in SXD by the presence of an ex-
tra twinning. A small monoclinic distortion can give rise to such pseudo-
merohedral twinning, which will mimic the rhombohedral symmetry and
which can be easily overlooked in a standard analysis due to insufficient an-
gular resolution. Thus a careful analysis for the possible presence of extra
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Figure 3.11: Part of the reciprocal space highlighting by white and black symbols
the two rhombohedral lattices corresponding to the two twin fractions. The
reciprocal unit cell directions in monoclinic setting are indicated by a∗, b∗ and
c∗.
twins is necessary.
In order to investigate the possibility of the symmetry being lower, SXD
experiments were also carried out using synchrotron radiation and a high
angular resolution (0.01◦/step). The presence of the twinning was verified
by performing ω − χ scans. Fig. 3.12(a) shows such a profile of a (10
2 8) reflection† in an ω − χ scan measured at 60 K. The two big spots
which split by 0.15(1)◦ in ω, correspond to two twins generated by lowering
the symmetry from cubic to rhombohedral we have already detected with
APEX. However, it is well observed that each of these rhombohedral twins
shows a further splitting into three peaks separated by about 0.04(1)◦ in
ω. This smaller splitting is best observed at 20 K and 60 K but also the
measured rhombohedral peak at 120 K show clear shoulders. We attribute
this smaller splitting to the twinning caused by the decrease in symmetry
from rhombohedral to monoclinic. Such splitting indicates a deviation of
the unit cell parameters from their rhombohedral values.
The presence of such extra pseudo-merohedral twinning was checked
also for the data set collected on the small crystal fragment and used for the
refinements. For this purpose, a CAD4 diffractometer was used as it yields a
higher angular resolution than APEX. In Fig. 3.12(b) we show an ω−χ scan
performed on the CAD4 at room temperature of a reflection corresponding
† The Miller indices are referred to the double cubic unit cell.
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Figure 3.12: (a) The profile of a (10 2 8) reflection† in an ω − χ scan at 60 K
measured with the HUBER diffractometer. Each of the two rhombohedral frac-
tions positioned at w1 ≈ −5.82◦ and w2 ≈ −5.69◦ split further into three peaks
representing the monoclinic twins and labelled as a, b, c and d, e, f, respectively.
(b) The profile of one rhombohedral twin fraction of a (10 2 8) reflection† in an
ω−χ scan at 300 K measured with the CAD4 diffractometer. The three rhombo-
hedral fractions positioned at w1 ≈ 0.34◦, w2 ≈ 0.39◦ and w3 ≈ 0.44◦ are labelled
as a, b and c, respectively.
to the largest rhombohedral twin fraction. It is clearly observed that the
reflections split into three peaks due to the presence of the three twins.
The same type of profiles are observed for all the peaks we have measured
on several crystals. The observed splitting in both synchrotron and CAD4
measurements show that the monoclinic symmetry is maintained in the
temperature interval 20 K - 300 K.
The most likely type of extra pseudo-merohedral twin in LaCoO3 is the
one caused by the loss of three-fold symmetry during the crystal growth or
a structural phase transition from rhombohedral to monoclinic symmetry
at elevated temperature. The maximum number of the possible orientation
states caused by this phase transition can be determined according to Aizu
[34]: n = order(R3¯c)/order(I2/a) = 12/4 = 3. The twinning corresponds to
the three possibilities of converting the rhombohedral axes in R3¯c symmetry
into the c-axis in monoclinic symmetry. There is no physical reason for
one twin to be favored over the others and equal volume fractions can be
expected. In this way the observed splitting in three of the rhombohedral
peaks observed in the ω − χ scans can be explained. Extra reflections
violating the I2/a symmetry will be generated by this monoclinic twinning.
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Thus a reflection (h k k) with h, k 6= 2n will generate an allowed reflection
(k h k) with h, k 6= 2n, but also a forbidden reflection (k k h) with h, k 6= 2n
as it violates the a glide plane.
With each of the three monoclinic twins, a monoclinic lattice can be con-
structed. The monoclinic lattices are symmetrically (with three-fold sym-
metry) distributed with respect to the averaged rhombohedral lattice. The
impossibility to separate the monoclinic twin fractions will result in averaged
rhombohedral lattice parameters. The twin law relates three twin fractions
by 120◦ rotation about the cubic [111] direction. If the twin fractions are
equal, the reflections (h k l) and cyclic permutations have equal intensities
and simulate the existence of a three-fold axis. Thus, the disappearance
of the three-fold symmetry will give rise to this monoclinic twinning which
mimics R3¯c symmetry. Therefore a good refinement in R3¯c symmetry is
not surprising, and the lowering of the symmetry to monoclinic space group
I2/a could be easily overlooked in a standard analysis.
3.6 Refinement
Although SXD is a very powerful tool for symmetry analysis, the pres-
ence of twinning can complicate considerably the symmetry determination.
Nevertheless, once the twinning is detected and the correct symmetry is de-
termined, a detwinning process in the refinements will result in the correct
distribution of the intensities and accurate positions of the atoms will be
obtained.
In rhombohedral symmetry, the oxygen framework is described by one
oxygen position which determines completely the rotation of the octahe-
dra. The Co and La atoms occupy fixed high symmetry positions and
the deviation of the oxygen from the highly symmetrical point of the high
temperature cubic symmetry determines the rotation of the CoO6 octahe-
dra. Along all three pseudo-cubic crystallographic axes, the rotations have
the same magnitude and all the Co-O distances are equal. The symmetry
reduction to I2/a space group will leave the Co atom on the high sym-
metry position, while the y coordinate of the La becomes variable, and
an extra oxygen position (O2) is generated. This general position will be
attributed to the in-plane oxygens, while the position coming from rhom-
bohedral symmetry (O1) is attributed to the out-of-plane oxygens (see Fig.
3.3). The lowering of the symmetry will allow three different Co-O distances
and different magnitudes of the rotations of the octahedra along the three
pseudo-cubic crystallographic axes.
In terms of the fractional coordinates in I2/a space group, the differen-
tiation in the in-plane Co-O bonds is determined by the deviation from zero
of xO2 − yO2 . The differentiation in the magnitude of the rotations along
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the three pseudo-cubic crystallographic axes is determined by the different
values of −1/4 − yO1 ; xO2 + yO2 and 1/2 − 2zO2 . A movement of O2 from
the position with xO2 = yO2 will lead to shortening or lengthening of the
in-plane Co-O bonds, while a movement perpendicular to this direction will
lead to changes in the rotation of the CoO6 octahedra along one of the
pseudo-cubic crystallographic axis. The lengthening and shortening of the
Co-O bonds determine the JT distortion. Thus lowering the symmetry to
I2/a space group introduce besides the rotation also the JT distortion as
a refinable parameter. The two parameters, rotation and JT, are strongly
correlated as they are both determined by the coordinates of the in-plane
oxygen.
For the structure determination, full data sets were measured at differ-
ent temperatures (90 K, 120 K, 140 K, 160 K, 200 K, 250 K and 295 K)
on the Bruker APEX diffractometer, using Mo-Kα radiation. As discussed
in Section 3.5, the measured crystal consisted of two rhombohedral twins
which could be successfully separated using the program GEMINI [30]. The
presence of the monoclinic twinning was detected using the CAD4 diffrac-
tometer (Fig. 3.12(b)).
Obtaining the integrated intensity from one monoclinic twin fraction is
not possible as the monoclinic twin fractions could not be separated. Thus,
the integrated intensities were obtained from the largest rhombohedral twin
fraction which includes the integrated intensity of all three monoclinic twin
fractions. The unit cell parameters will be therefore averaged at their rhom-
bohedral values and the intensities of the reflections will contain information
about all three monoclinic twin fractions. The detwinning process is nec-
essary to find the original intensity distribution, such that accurate atoms
positions in the unit cell can be determined. Therefore the twin relation
has to be included in the refinements.
All the measured reflections satisfy R3¯c symmetry. For the first re-
finements performed in both rhombohedral R3¯c and monoclinic I2/a space
groups, the monoclinic twin relation was not included. The refined param-
eters were the atomic positions and the isotropic temperatures factors. In
I2/a symmetry the number of atomic parameters is larger, the atoms having
more freedom to move. Moreover the parameters are strongly correlated.
In such a case it is common practice to use constraints in order to reduce
the number of parameters for more valuable refinements. By referring to
the pseudo-cubic subcell notation, the changing in the bond lengths give
rise to difference in a and b while different magnitude of the rotations along
the three crystallographic axes give rise to changes in angles. As it results
from the PXD measurements, the monoclinic distortion (detected in the
splitting of the (4 0 0) reflection) can be brought about by changes in the
a and b pseudo-cubic subcell lattice parameters and not necessarily in the
angles. Thus we can constrain the positions of the oxygens, such that the
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magnitudes of the rotations along the three crystallographic axes are equal:
−1/4−yO1 = xO2+yO2 = 1/2−2zO2 . By neglecting the possible differences
in the magnitude of the rotations along the three crystallographic axes, we
concentrate our refinements on the JT parameter contribution to the mon-
oclinic distortion. Due to this reason, we expect to obtain the upper limit
for the refined JT parameter.
In both space groups the refinements proceeded smoothly and no essen-
tial difference in the quality was observed. The resulting R1-value is 0.0445
for a typical data set (140 K). Because all the measured reflections satisfy
the R3¯c symmetry and the twinning averages the lattice parameters and
mimics the three-fold symmetry, it is not surprising that the refinement in
the lower symmetry space group I2/a is not improved. However, we observe
that many weak reflections have integrated intensities that are much larger
than the calculated ones. This observation gives further evidence for the
presence of the pseudo-merohedral twinning shown by the ω − χ scans.
The refinements were repeated for each data set in I2/a symmetry, using
the monoclinic twin model, such that the different contributions of the twin
fractions to the total integrated peak intensity are taken into account. Thus
for each observed reflection, the contribution of each monoclinic twin reflec-
tion is taken into account. This way, the atomic positions of the asymmetric
unit, the volume ratio of the twin domains and the isotropic temperature pa-
rameters are simultaneously refined. The refined values of the twin fractions
are varying from 30% to 40%. The quality of the refinement was improved
by introducing the twins, the resulting R1-values falling for a typical data
set (140 K) from 0.0445 to 0.0433, giving further evidence for the validity
of the twin model.
The unit cell parameters derived from the SXD measurements in I2/a
symmetry and presented in Table A.1, Appendix A are as expected av-
eraged at their rhombohedral values. The selected bond lengths and the
atomic coordinates are displayed in Table A.2 and Table A.3, respectively
in Appendix A.
3.7 Discussion
We notice that PXD and SXD give complementary information. In the two
methods, the difficulty in the detection of monoclinic symmetry is caused by
different reasons. Thus, for the powder diffraction experiments, very high
angular resolution is needed to detect the broadening of the peak profile
caused by a very small splitting in 2θ of the associate reflection. Due to
experimental limitations, we could measure just one reflection (with the
d-value matching the one of the analyzer) with the necessary resolution to
observe such splitting. Nevertheless, we notice that the splitting of this
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reflection is caused by differences in the a and b lattice parameters of the
pseudo-cubic unit cell and is not much affected by the differences in its
angles. The monoclinic distortion can be induced by changes in the Co-O
bond lengths (JT distortion) and not necessarily by different magnitudes of
the octahedra rotations along the three pseudo-cubic crystallographic axes.
The deviations of the lattice parameters from the rhombohedral sym-
metry can not be resolved in the SXD experiments, as the high overlap
of the different pseudo-merohedral monoclinic twin domains average their
values. Moreover, equal twin fractions contribute to the intensities of the
reflections such that the R3¯c symmetry is mimicked. Thus the monoclinic
distortion can go easily undetected in a standard SXD experiment. However
the splitting in ω of the reflections due to the presence of such twinning can
be easily recognized in the ω − χ scans. We notice that such splitting in
ω corresponds with a much smaller splitting in θ − 2θ scans in the Bragg-
Brentano geometry. Regardless the fact that the unit cell parameters can
not pe precisely determined, the detwinning allow us to refine the positions
of the atoms in the unit cell and thus to accurately determine the Co-O
bond lengths and the magnitude of the octahedra rotation.









Figure 3.13: The temperature dependence of the three Co-O distances. The
lines are guides for the eye.
From the SXD refinements we derived three unequal Co-O bond dis-
tances at each temperature: one short, one long and one medium. The long
and short Co-O distances correspond to the bonds in the ab plane, while
the medium Co-O distances are the out of plane bonds. In Fig. 3.13 we
plot the temperature dependence of the Co-O bond lengths. We observe
that the difference between two consecutive points in the temperature de-
pendence of each Co-O distance is smaller than 3σ (where σ is the standard














































Figure 3.14: Left: Temperature dependence of the splitting of (4 0 0) reflection
in θ− 2θ geometry (below 65 K the line width is resolution limited). Right: The
JT distortion parameter versus temperature as determined from the single crystal
refinements. The lines are guides for the eye. Inset: Profile of (4 0 0) reflection at
45 K and 120 K. The profile at 120 K can be accurately fitted by two Lorentzians
with the line width of the 45 K data.
are not significant. We conclude that by increasing the temperature from 90
K to 300 K, the long Co-O bond increases, the short Co-O bond decreases,
while the medium Co-O bond does not show a significant change. These
results indicate a coherent JT effect associated with a Q2 type of distortion
[35] in the temperature interval 90 K - 300 K. The cooperative JT effect
will stabilize the IS state for the Co3+ ions.
We present in Fig. 3.14 the results obtained from both PXD and SXD
experiments. In the left side of the panel we show the temperature de-
pendence of the splitting in 2θ of the (4 0 0) reflection derived from the
PXD experiments. In the right side of the panel we plot the temperature
dependence of the JT parameter derived from the SXD experiments. The
JT parameter is defined as the difference between the long and short bond
lengths normalized by their average. The magnitude of the JT parameter
increases from ≈ 3% at 90 K to ≈ 6% at 295 K. The value at 295 K is some-
what smaller than the JT distortion of ≈ 10% found at room temperature
in LaMnO3 [36] with the eg orbitals of the Mn
3+ ions being occupied also
by one electron.
The distortion of the octahedra exhibit alternating long and short Co-
O distances in the ab plane. As the JT theorem states, the degeneracy
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Figure 3.15: Schematic picture of the antiferrodistortive orbital ordering. The
occupied 3r2 − x2 and 3r2 − y2 orbitals are shown. The La, Co and O ions are
represented by black, grey and empty circles, respectively. The cubic unit cell
and the octahedra surrounding the Co ions are indicated. The axis system refer
to the drawn cubic unit cell.
of the eg orbitals is lifted. Recent XAS data [37] show that the occupied
eg orbitals in the IS state are z
2-like orbitals. Thus, the 3r2 − x2 and
3r2− y2 are alternating in the pseudo-cubic ab plane as shown in Fig. 3.15.
The 3r2 − x2 and 3r2 − y2 orbitals have an antiferrodistortive ordering
along all three directions suggesting a weak ferromagnetic coupling between
magnetic sites [17]. Such a weak ferromagnetic exchange interaction is also
supported by polarized neutron measurements [12]. An antiferrodistortive
orbital ordering giving rise to ferromagnetic interactions was also found
in YTiO3, where the t2g orbitals of Ti
3+ cations are occupied by a single
electron [38]. However, for this system the JT distortion involves t2g orbitals
for which the magnitude of the distortion is roughly five times smaller than
for eg-based JT systems.
The discovery of a coherent JT distortion in LaCoO3 offers novel insight
and is unexpected considering the scrutiny with which this compound was
studied. It is clear that the JT distortion may have gone unnoticed in SXD
experiments because of twinning. Moreover, the JT distortion is not easily
detected by PXD because of the very small monoclinic distortion.
The temperature dependence of both PXD and SXD results can be
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interpreted along two different lines. The increase of the splitting of the
(4 0 0) reflection with temperature, as indicated by the PXD experiments
as well as of the JT parameter, as indicated by SXD experiments, suggest a
gradual increase of the monoclinic distortion of the structure. These results
are in agreement with the thermally activated behavior of the IS states
starting from a LS ground state. The finite value of the cooperative JT
distortion in a state consisting of a mixture of LS and IS states can be
understood in terms of the particularity of perovskite structure consisting
of corner-sharing octahedra. Thus the octahedra occupied by Co3+ ions in
a LS state will be distorted by the surrounding IS coordinated octahedra
giving rise to a cooperative JT effect. This interpretation of our results is in
agreement with recent magnetic and XAS experiments [24, 37] suggesting a
nonmagnetic ground state (t62ge
0
g) and a thermally populated S = 1 excited
state (t52ge
1
g) split by ≈ 180 K.
A second approach can be considered as in LaCoO3, starting with a LS
state as the ground state, an orbital ordered state is obtained via a phase
transition. Thus the ordered phase is obtained by increasing the temper-
ature. However, in a typical case, the entropy will tend to increase with
increasing temperature in order to minimize the free energy. Therefore in
LaCoO3 another order parameter should be responsible for this reverse ef-
fect. Moreover, considering the fact that LaCoO3 is close to a metallic
ground state, the transition may involve more complex behavior. It is ob-
served in the manganites [23, 39] that coexistence of metallic and insulating
states arises from a competition between JT-distorted and non-JT distorted
regions in the sample. The propagation of strain in the crystal may result
in the behavior that closely resembles a transition. Such phase coexistence
could explain the absence of the sharp features in the specific heat [25] and
thermal expansion measurements [24]. The proof of the presence of phase
coexistence requires detailed real space measurements.
3.8 Conclusions
To summarize, we presented in this chapter a complex structural study of
LaCoO3 on the basis of PXD and SXD results. We provide strong evidence
for a monoclinic distortion in the LS/IS state in the temperature interval
20 K - 300 K.
The monoclinic distortion state is brought about by a cooperative JT
effect which triggers long range ordering of the eg orbitals. The gradual
increasing with temperature of the JT distortion suggests the thermal pop-
ulation of the IS state of the Co3+ ions. Our results are in agreement with
the LS/IS state scenario in which the occupation of the IS states of the
Co3+ ions is thermally activated from the ground LS state [24].
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